ABSTRACT: Our group employed the mouse closed intra-articular fracture (IAF) model to test the hypothesis that the innate immune system plays a role in initiating synovitis and post-traumatic osteoarthritis (PTOA) in fractured joints. A transgenic strategy featuring knockout of the receptor for advanced glycation end-products (RAGE À/À ) was pursued. The 42 and 84 mJ impacts used to create fractures were in the range previously reported to cause PTOA at 60 days post-fracture. MicroCT (mCT) was used to assess fracture patterns and epiphyseal and metaphyseal bone loss at 30 and 60 days post-fracture. Cartilage degeneration, synovitis, and matrix metalloproteinase (MMP-3, -13) expression were evaluated by histologic analyses. In wild-type mice, mCT imaging showed that 84 mJ impacts led to significant bone loss at 30 days (p < 0.05), but recovered to normal at 60 days. Bone losses did not occur in RAGE À/À mice. Synovitis was significantly elevated in 84 mJ impact wild-type mice at both endpoints (30 day, p ¼ 0.001; 60 day, p ¼ 0.05), whereas in RAGE À/À mice synovitis was elevated only at 30 days (p ¼ 0.02). Mankin scores were slightly elevated in both mouse strains at 30 days, but not at 60 days. Immunohistochemistry revealed significant fracture-related increases in MMP-3 and À13 expression at 30 days (p < 0.05), with no significant difference between genotypes. These findings indicated that while RAGE À/À accelerated recovery from fracture and diminished synovitis, arthritic changes were temporary and too modest to detect an effect on the pathogenesis of PTOA. ß
Intra-articular fractures (IAF) in people frequently lead to rapidly progressing post-traumatic osteoarthritis (PTOA) even with state-of-the-art surgical reduction. 1, 2 Although no disease-modifying drugs are currently available, a number of new therapeutic strategies are under investigation. Large animal mod els have proven useful for advanced treatment testing, as they are close to humans in size and weight, and provide enough tissue for detailed biochemical analyses. 3 Moreover, fractures in large animals can be reduced using the same operative techniques used in patients. Though rodent models lack these advantages, they provide a relatively inexpensive means to rapidly screen drug candidates, and the relative ease of genetic manipulation make the mouse especially useful for identifying drug targets.
Clinical studies of ankle fractures have shown that the probability of developing PTOA increases with increasing liberated bone surface area, which reflects the energy absorbed by joints during a fracture event. 4 In addition, residual articular incongruities left by malreduction lead to excessive joint contact stress, which has been shown to independently increase the risk for PTOA in fractured ankles. 5 The violent collision between joint surfaces that occurs with IAF results in blunt trauma to articular cartilage. Work with osteochondral explants has shown that such insults cause acute chondrocyte death and long-term metabolic dysfunction via oxidative insult. 6 Treatments that temporarily blocked the intracellular accumulation of reactive oxygen species mitigated these effects in explants and were chondroprotective in animal models. [6] [7] [8] [9] Although these findings indicate that mechanical factors figure prominently in the pathogenesis of PTOA in fractured joints, cartilage is also subject to the influence of synovial fluid, which carries synoviocyte-secreted inflammatory cytokines throughout the joint. The nearly universal finding that cytokine levels are elevated in synovial fluids from injured joints in humans and animal models implicates synovitis as a major co-factor in the pathogenesis of PTOA. 10, 11 Taken together these results suggest there may be therapeutic advantages to targeting both physical and biologic factors, and underscore the need to develop models that reproduce the complexities of IAF in people.
Though it has not been widely implemented, the IAF model developed by Furman et al. opened the door to leveraging the power of genetic manipulation available in the mouse to probe the pathogenesis of PTOA. 12 Closed tibial plateau fractures were made using an electromechanical testing system to impart loads at a rate of 20 N/s to a wedge-shaped steel indenter placed on the tibia immediately distal to the stifle joint. The IAF ranged in severity from simple to highly comminuted (OTA type B1 to C3). While it is unclear if this fracture methodology results in the same damaging blunt impact to cartilage seen in most human fractures, initial studies in wild-type C57BL/6 mice showed that IAFs created using this technique were associated with generalized increases in Mankin scores at 8 and 50 weeks post-IAF, the extent of which correlated with OTA classification. A subsequent study showed that joint degeneration after IAF created with this closed technique was minimal in the superhealing MRL/MpJ strain, which was attributed to lower levels of pro-inflammatory cytokines in blood and joint fluid of MRL/MpJ mice versus C57BL/6 mice. 13 This line of work culminated in a successful treatment strategy based on blockade of the interleukin (IL)-1b pathway by intra-articular injection of IL-1 receptor antagonist (IL-1RA), which was reported to lessen cartilage degeneration in fractured joints. 14 With the aforementioned results in mind we hypothesized that fracture-induced synovitis is initiated by innate immune responses to intra-articular tissue damage, a premise that was tested using the closed IAF technique in conjunction with a mouse strain deficient in innate immune function via knockout of the receptor for advanced glycation end-products (RAGE À/À ). RAGE mediates cellular responses to high-mobility group box-1 (HMGB1), an alarmin released from the nuclei of necrotic cells and secreted by monocytes. In the present study, we investigated the protective effects of RAGE À/À on cartilage degeneration, bone mineral density, and synovitis in fractured joints.
MATERIALS AND METHODS

Animals
This study was performed according to a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Iowa. Four breeding pairs of C57BL/6J and RAGE À/À were obtained from The Jackson Laboratory (Bar Harbor, ME) and University of Kentucky, respectively. To avoid variations in injury responses related to hormonal fluctuations in female mice only male progeny. Another 10 cadaveric mice (8 week-old C57BL/6J) were tested to determine the optimal impact energy.
Mouse Intra-Articular Fracture (IAF) Model A custom-designed drop-tower impaction device was built for making IAFs (Fig. 1A ). Mice were anesthetized using isoflurane inhalation and right hind limbs were mounted on a triangular cradle with stifle (knee) joints positioned in approximately 90 degrees of flexion. Five mm skin incisions were made on the anterior aspect of the proximal tibia. An impaction platen was placed vertically on the central anterior tibia plateau using an XY table (Fig. 1B) . A custom foot supporter was added to improve leg-holding stability. A range of impact energies were first tested in cadaveric mice. Impact energies were varied by dropping 3 different masses from a height of 3 cm, resulting in 42 mJ, 84 mJ, and 108 mJ impacts. In vivo studies were conducted with 42 and 84 mJ impacts. After stifle joint injury, skin incisions were closed with a suture and tissue glue. Live mice were euthanized at day 30 and 60 post-IAF.
Micro-Computed Tomography (mCT) Analysis
Contralateral (control) and fractured stifle joints were fixed in 10% neutral-buffered formalin. Each specimen was scanned using a SkyScan 1176 mCT scanner (Bruker Corp., Aartselaar, Belgium) according to the manufacturer' guideline for mouse long bones. Imaging was performed with the following settings; 50 KV X-ray voltage, 500 mA X-ray current, 0.5 mm aluminium filter, 8.85 mm image pixel size, 980 ms exposure time, 180˚tomographic rotation, and 0.3r otation step for image acquisition/2 smoothing, 20% beam hardening, 6 ring artifact, and 0-0.08 histogram limits for image reconstruction. X-ray images were acquired in multiple planes. Internal structures were reconstructed to analyze the two-and three-dimensional bone morphology. A hydroxyapatite (HA) phantom was used for bone density calibration. The proximal tibia was divided into epiphysis and metaphysis (900 mm from the growth plate) and analyzed for bone mineral density (BMD), trabecular bone fraction (bone volume [BV]/total volume [TV]) and trabecular thickness. The severity of tibia fractures were classified according to Arbeitsgemeinschaft f€ ur Osteosynthesefragen/ Orthopedic Trauma Association (AO/OTA) classification of long-bone fractures (Fig. 2D ). Type of fractures was divided into Type B1&2 and Type B3&C based on Furman et al. study which showed significantly higher fracture energies. 12 
Histological Evaluations
Fixed stifle joints were decalcified in 5% buffered formic acid and paraffin embedded with positioned at approximately 90 degrees of flexion. Four mm coronal sections were cut and stained with Safranin-O/fast green and hematoxylin and eosin (H&E) for Mankin and synovitis scores, respectively. Weight-bearing areas of stifle joint were identified by meniscal morphology. Osteoarthritis severity was assessed by the 14-point Mankin histological-histochemical grading score consisting of structural compromise (0-6 points), cellular anomalies (0-3 points), proteoglycan loss (Safranin-O staining) (0-4 points), and tidemark integrity (0-1 point). 15 Synovitis was assessed using the classification system described by Lewis et al.
11 (0-3 points for synovial lining cell layer thickness and 0-3 points for cell density). Both Mankin and synovitis were scored independently by 4 graders and the mean scores were used for statistical analysis.
Additional sections were processed for matrix metalloproteinase (MMP)-3 and -13 immunohistochemical (IHC) staining. Deparaffinized sections were treated with antigen retrieval solution at 55˚C overnight and then with 3% hydrogen peroxide for 10 min. Ten percent normal goat serum was used to block non-specific binding of anti-MMP-3 and anti-MMP-13 antibodies (Abcam, Cambridge, MA). A goat anti-mouse secondary antibody (Vector Laboratories, Burlingame, CA) was used for detection. Negative controls were prepared by omitting the primary antibodies. The percentage of positive cells was quantified and normalized to the average of the non-injured group.
Statistical Analysis mCT data were analyzed using one-way ANOVA with the Tukey post-hoc test. Non-parametric data (Mankin and synovitis scores) were analyzed using Kruskal-Wallis oneway ANOVA on ranks with Dunn-Bonferroni post hoc pairwise comparisons. Both tests were performed using SPSS software (Ver. 24, SPSS Inc., Chicago, IL). All the results are expressed as mean AE 95% confidence intervals (CI). Statistical significance was set at p < 0.05.
RESULTS
Assessment of Fracture Severity IAF severity with three different impact energies was first evaluated in cadaveric mice by mCT imaging. 
RAGE KNOCKOUT EFFECTS IN MICE WITH JOINT FRACTURES
Three different impact energies were tested (42 mJ, 84 mJ, and 108 mJ). Higher energy impacts caused more severe injuries with multiple fracture lines ( Fig. 2A-C) . Impacts with 108 mJ gave inconsistent fracture patterns, whereas fracture patterns from 42 and 84 mJ impacts were more reproducible ( Fig. 2D and E) .
Micro-Computed Tomography (mCT) Analysis
Based on results in cadaveric mice, 42 mJ and 84 mJ impacts were applied to the knee joints of wild-type (C57BL/6J) mice. mCT images revealed bone fragmentation in both groups, but greater bone loss was observed in the 84 mJ impact (Fig. 3) .
Changes in the tibial epiphysis and metaphysis of wild type and RAGE À/À mice were quantified at 30 and 60 days post-fracture by analysis of BMD, trabecular fraction (BV/TV), and trabecular thickness (Fig. 4) . Epiphyseal BMD, trabecular fraction, and trabecular thickness were significantly decreased at day 30 in 84 mJ impacts relative to 42 mJ impacts (p < 0.001), but no significant differences were detected at day 60 (Fig. 4A, C , and E). Metaphyseal damage was greater in the 84 mJ impact group than the 42 mJ impact at both day 30 and day 60 (Fig. 4B, D, and F) . Unlike in wild-type mice, values for BMD, trabecular fraction, and trabecular thickness in RAGE À/À mice remained similar to contralateral controls (Fig. 5) .
Histologic Evaluation
Joints were sectioned in the coronal plane to visualize fracture lines, which typically ran in the sagittal plane. Sections weight-bearing areas of the joint were identified by meniscal morphology (Fig. S-1 ). Fracture lines were visible at the mid-line of the tibia and in anterior and weight-bearing areas (Fig. 6) . Infiltration of blood vessels was often observed around the fracture line (Fig. 6a) . Tibia damage and growth plate fracture disruption was more severe in 84 mJ impact group (Fig. 6C and D) .
In wild-type mice tibial cartilage degeneration was relatively mild (2-5 points), with modest surface irregularities and sparse pockets of chondrocyte cloning (Fig. 7A) . Mankin scores in the 84 mJ group were higher than the control and 42 mJ impact groups due largely to increased PG depletion around the mid-line of tibia; however, the increase was not significantly different ( Fig. 7A and C) . In contrast, significant fracture-related increases in synovitis were observed at 30 and 60 days in both the 42 and 84 mJ impact groups. At 30 days synovitis was significantly more severe in the 82 mJ group than in the 42 mJ group (Fig. 7B and D) .
In RAGE À/À mice 82 mJ impacts led to small, but significant increase in Mankin scores at 30 days postimpact ( Fig. 8A and C) . By 60 days scores were near normal, indicating that osteoarthritis did not progress. Synovitis scores in RAGE À/À mice were elevated at 30 and 60 days, but in contrast to wild-type mice scores were close to normal values at 60 days ( Fig. 8B and D) .
In cases where fractures were accidently created in weight-bearing areas (Fig. 9) cartilage showed complete structural disorganization, hypocellularity, severe PG depletion, and growth plate damage. Mankin scores (average of medical and lateral tibia) for these mice were 11.3 ( Fig. 9A ) and 7.0 (Fig. 9B) at day 30 and 60, respectively. 
RAGE KNOCKOUT EFFECTS IN MICE WITH JOINT FRACTURES
IHC staining was used to assess expression of the OA biomarkers MMP-3 and -13 in articular cartilage. 16 For both markers, staining intensity and the number of positive chondrocytes were significantly increased at 30 days in the 42 mJ and 84 mJ groups and RAGE À/À had no effect on this response (Fig. 10) . At 60 days staining there were no significant differences between fracture groups and control.
DISCUSSION
Intra-articular fractures led to significant tibial bone loss at 30 days in wild-type mice, but not in RAGE À/À mice (Fig. 4) . The severity of bone loss at 30 days in wild-type mice increased significantly with the increase in impact energy from 42 to 84 mJ. Synovitis scores were significantly higher than control in both impact energy groups at 30 days and were still elevated at 60 days post-fracture (Fig. 7D) . RAGE knockout significantly reduced synovitis at 60 days (Figs. 5 and 8D) , indicating a role for RAGE in sustaining trauma-induced joint inflammation.
Our results are in agreement with several published reports indicating RAGE pathway involvement in OA and bone remodeling. RAGE and its alarmin ligand, HMGB1, were found to be elevated in synovial tissue from osteoarthritic human knees, suggesting a role in disease progression. 17 This hypothesis was supported by evidence that RAGE À/À had anti-inflammatory effects in a meniscal destabilization model and in a model of temporomandibular joint OA. 18, 19 In addition, RAGE À/À has been shown to decrease osteoclast activity and to improve bone mineral density and bone strength in diabetic mice, results that are consistent with our findings that À/À mitigates bone loss in the IAF model 20, 21 Based on the literature we expected that the impact energies we used to create IAFs would lead to moderate OA in weight-bearing cartilage (Mankin scores of 6-9) within 8 weeks post-fracture, 22 but instead found only subtle degenerative changes (Mankin scores of 2-5 points) characterized by slight surface irregularities, sparse cell cloning, and mild PG depletion (Figss 7 and 8 ). These degenerative changes were evident at 30 days, but appeared to have spontaneously resolved by 60 days post-fracture. Although severe tibial cartilage degeneration 
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was observed in the rare cases when fractures passed through weight-bearing areas, effects were confined to fracture lines and joint-wide degeneration failed to develop.
The timeline for expression of MMP-3 and -13 paralleled Mankin scores, in that significant increases in expression were observed at 30 days, but not at 60 days (Fig. 10) . These findings indicate IAFs did not cause progressive joint degeneration. Interestingly despite its positive effects on bone formation and synovitis, neither Mankin scores nor MMP expression were affected by RAGE À/À . The reason for our failure to reproduce published results in the mouse IAF model is not entirely clear, because fractures created by our drop tower device were similar in AO/OTA grade to those created using an electromechanical system, which reportedly led to PTOA. 12, 14 In those studies, fragment displacement correlated better with Mankin scores than AO/OTA grade, suggesting that displacement was the more influential variable. Slight delays in feedback between the load cell and the electromechanical device driving the fracture platen could have caused significantly greater fragment displacement than was the case with the drop tower used in our study. This may have led to greater residual incongruity, which is a well-established pathogenic factor in PTOA. 23 In the histological analysis of mouse degenerative cartilage, the selection of cutting area is important to reduce staining variation. Figure S-1 is showing different intensity of staining based on the meniscus morphology. In the anterior tibia, the meniscus is connected with fat pad or meniscotibial ligament (Fig. S-1A) , while the meniscus have a wedge-shape structure in the weight-bearing area (Fig. S-1B) .
In this study we used young adult mice that were 8 week-old at the time of injury. This was in contrast to the 16 week-old mice used in precedent IAF studies. 12, 14 To determine if the discrepancy in OA development between our study and those previous studies could be due to the relative youth of the animals we used, we compared the responses to IAF of 8 week-old and 20 week-old mice. This showed that Mankin scores 
were slightly lower in 20 week-old mice than in 8 week-old mice ( Fig. S-2 ), a result that could be attributable to the higher bone density in older mice, making them more resistant to applied impact than younger mice. 24 In conclusion, we found that RAGE À/À protected mice from bone loss and synovitis caused by IAF, but were unable to evaluate À/À effects on OA due to the near absence of generalized cartilage degeneration in our implementation of the IAF model. 
